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1,6 − Michael 加 成 反 应 。 金 属 铝 类 卡 宾 NacNacAl (NacNac- = 
[ArNC(Me)CHC(Me)NAr]
-












明，结合能较大的配合物分别是NHC−V (X4A2, 26.2 kcal/mol)和NHC−Ni (X
1
A1, 





































































In the N-heterocyclic carbene (NHC), the carbene carbon adopts the sp
2
 
hybridization with a special σ2π0 electronic structure, and shows the ability of stronger 
σ-electron donor and weak π-electron acceptor. The σ dative bond between NHC and 
the transition metal (TM) results in a rich electron TM center with high catalytic 
reactivity. As a nucleophilic catalyst, NHC combines with an electrophilic aldehyde to 
yield a nucleophilic Breslow intermediate with high activity, which can initiate 
abundant chemical reactions with a variety of electrophilic reagents. For the aldehyde 
containing the unsaturated conjugate chain, the active site can be transmitted to a 
remote δ-carbon with the aid of NHC moiety, which triggers 1,4− and 1,6−Michael 
addition reactions. An aluminum carbenoid NacNacAl has an electronic structure 
similar with NHC, and as a main-group metal catalyst, its Al(I) center has the ability 
of strong σ-electron donor and suitable accepting π-feedback.  
Experimentally, the oxidative additions of a series of strong σ bonds, including 
H−X (X = H, B, C, Si, N, P, O), F−C, and O−C bonds at the single Al(I) center have 
been reported. However, the detailed catalytic mechanisms are still less known up to 
now. Here we performed extensive DFT calculations to explore the electronic 
structures and catalytic mechnisms of N-heterocyclic carbenes and its analogues, and 
the main conclusions are summarized as follow: 
1. The interactions between bare first-row transition metals and NHC ligands 
have been investigated by DFT calculations. In [NHC-TM] complexes, NHC serves 
as a σ-electron donor, while TMs are generally σ-electron acceptors. The relatively 
large bond dissociation energies of 26.2 and 29.7 kcal/mol appear in the σ-type 
[NHC-V] (X
4
A2) and [NHC-Ni] (X
1
A1) complexes, respectively, whereas the 
dissociation of [NHC-Mn] (X
6
A1) just requires 0.6 kcal/mol. Such sharp difference 





) of V and Ni atoms after accepting the σ-lone pair electrons of NHC. The free 
Mn with 3d
5
















[NHC-Mn]. These σ-type [NHC-TM] complexes may accommodate second NHC 
ligand to form the stable σ-type [NHC-TM-NHC] complexes in D2d and D2h 
symmetries. The π interactions between C=C double bond and TM give rise to 
metastable η2-type [NHC-TM] π complexes, and the second NHC can ligate to the 
η2-type [NHC-TM] to form more stable π-type complexes of [NHC-TM-NHC]. The 
predicted bond dissociation energies indicate that multiple NHC ligands have 
cooperation role in enhancing the interactions between TM and NHC. 
2. Extensive DFT calculations suggest that the nucleophilic NHC may induce 
the umpolung of the α,β−γ,δ−unsaturated aldehyde from the electron acceptor to 
donor, and their adduct can be oxidized to an active homoenolate cation. The active 
site can be transmitted to δ-carbon through the conjugate chain and triggers 
1,6−Michael addition reaction with 1,3−diketone. The newly-formed Breslow 
intermediate can initiate abundant reactions with the electrophilic reagent. As a large 
steric phenyl group is introduced to the β site of unsaturated aldehyde, the regios- and 
chemo-selectivities in reaction can be enhanced. The electron-withdrawing group R 
can lower the barrier of Michael addition reaction. The electron-donating group R’ in 
diketone can increase the nucleophilicity of C8 carbon atom and lower the energy 
barrier, which may benefit the reaction. 
3. Density functional calculations have been used to explore the oxidative 
additions of robust σ X−H bonds (X=H, Si, B, Al, C, N, P, and O) to the Al(I) center, 
and plausible reaction mechanisms and optimized structures of reactants, 
intermediates, transition states, and products have been predicted. Calculations reveal 
that these oxidative additions follow different reaction mechanisms and they may be 
concerted, concerted but asynchronously, or stepwise. In particular, the oxidative 
addition of H2 to Al follows a conventional transition-state-like catalysis, the addition 
of σ Al−H bond is initiated by the hydride transfer, and the combination of Lewis 
acids and bases is involved in the oxidative additions of σ B−H, N−H, P−H, and O−H 
bonds to the Al(I) center. For Group IVA elements, the oxidative addition of strong σ 
C−H bond is driven by the proton transfer prior to the Al−C bond formation, while the 
















mechanism, including the Al−Si bond formation coupled with the hydrogen transfer 
and the intramolecular rotation. These oxidative additions of robust σ X−H bonds are 
calculated to be much favorable thermodynamically and the B97−D predicted free 
energy barriers range from 8 to 32 kcal/mol. For most cases, the remarkable steric 
interactions may encumber the formation of initial reactant complex and result in 
relatively long reaction periods although they are favorable both thermodynamically 
and dynamically. 
4. Both M06−2X and B97−D functionals have been used to explore the 
oxidative additions of robust σ X−C bonds (X=F and O) to the Al(I) center, and the 
optimized structures of reactants, intermediates, transition states, and products have 
been determined. Based on DFT calculations, plausible reaction mechanisms, such as 
concerted and synchronously, and concerted but asynchronously, were proposed. In 
particular, the sp
2
 aryl−F bond adds to the Al(I) follows a conventional 
transition-metal-like catalytic mechanism, while the oxidative addition of strong sp
3
 
alkyl−F bond is driven by the F− anion transfer to the p−like empty orbital of Al atom, 
which is prior to the Al−C bond formation. The oxidative additions of robust σ X−C 
bonds are calculated to be much favorable thermodynamically, although the predicted 
free energy barriers strongly depend on the choice of methodologies. The present 
results provide a basis to understand the oxidative additions of such robust σ bonds. 
 
Keywords: N-Heterocyclic Carbene (NHC); Aluminum Carbenoid; Oxidative 



















1964 年，Fischer 第一次发现了金属卡宾 (Metal carbene) 配合物， 1974 年













发展和应用，在过去 20 多年里，关于氮杂环卡宾方面的研究得到了飞速的发展。 
 
图 1.1 膦配体和 NHC 配体，其中 P 原子可作为 σ−电子给体，σP-H*轨道可以作
为 π−受体; NHC 上是卡宾 C 可作为 σ−电子给体和弱的 π*−受体。为了显示清晰，
成键轨道和反键轨道同时在图中出现。 
Figure 1.1 Ligands of PX3 and NHC, where the P atom can serve as the σ−electron 
donor, and the σP-H* orbital serves as the π−electron acceptor; the carbene carbon in 
NHC can serve as the strong σ−electron donor and a weak π−electron acceptor. The 
bonding orbital and anti-bonding orbital all showed for clarity. 
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图 1.2 氮杂环卡宾衍生物。 





























根据卡宾碳原子与所连接原子的成键性质，卡宾分为 Fischer 型和 Schrock
型卡宾，它们的主要区别在于连接卡宾碳原子的取代基。若取代基至少有一个是
能与卡宾碳原子形成具有共轭性质的键，这类卡宾属于 Fischer 卡宾。由于卡宾
碳原子 C 的电负性相对于杂原子 N 较小，通常 Fischer 卡宾接的取代基 R 都具有
σ 吸电子能力，同时具有 pπ给、吸电子性，比如−OMe、−NMe2 等，这类卡宾碳
原子通常带有正电荷，具有亲电性。如果与卡宾碳原子所连接的是非 π 受电子或
非 π 给电子的取代基，则属于 Schrock 型卡宾，通常情况下，这类卡宾碳原子带
有部分负电荷，它具有亲核性。本论文所涉及的研究对象氮杂环卡宾及其衍生物，
它属于 Fischer 型卡宾。 
由于氮杂卡宾在均相催化和配位化学等方面的广泛应用，氮杂环卡宾及它的
过渡金属配位化合物已经成了理论和实验科研人员的研究热点[18-22]。在与金属的
配位上，Fischer 卡宾通常是呈单线基态，配体卡宾碳原子上的 σ 孤对电子给予
金属原子 M 电子(C→M)，它上面空的 p 轨道是一个弱的电子受体，接受金属原
子 M 的 d2 轨道的电子形成反馈 π 键(C←M)的能力较弱。而 Schorck 型卡宾可以
看做是：Fischer 卡宾下金属原子 M 反馈给卡宾碳原子 C 较强 C←M 的特殊情况
(图 1.3)。通常 Schorck 型卡宾通过三线态和金属的两个未成对电子间的相互作














Fischer Schrock  
图 1.3 Fischer 型和 Schrock 型卡宾与金属原子轨道的相互作用图。 
Figure 1.3 Schematic representations of donor-acceptor and covalent bonding 
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